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ABSTHACT 


Reaearch  on  the  atructural  behavior  of  wire-reinforced  propellanta  ia 
reported.  Voluea  for  certain  orthotropic  material  conatanta  which  ahould 
be  uaeful  in  grain  design  liave  been  determined  experimentally.  The  effecta 
of  winding  angle  and  wire  modulua  on  the  moteriol  reaponae  were  investigated. 

A  problem  in  delamination  of  thick-wall  wire-reinforced  grains  was  encountered 
during  another  Navy  program.  Various  raeons  were  therefore  inveatignted  in  the 
course  of  this  program  to  eliminate  delamination.  Use  of  on  ambient-cure 
matrix  to  eliminate  thermol  atress  during  the  cure  cycle  and  two  spprouchea 
to  adding  radial  wire  reinforcing  were  explored  briefly.  The  most  promising 
approach  appeared  to  be  through  use  of  the  view  ambient-cure  matrix  which 
would  be  specifically  toilored  to  reinforced  propellants. 

The  atructural  reaponae  of  an  aluminum  wire-reinforced  grain  that  was 
designed  to  demonatiste  deep  submergence  rocket  launch  opplicotions  waa 
obtained.  This  grain  which  embodied  a  new  concept  in  burning  rate  control, 
a  perforated  i.nner  core,  withstood  ly-U-pai  external  pressure  before  com¬ 
plete  collspae  in  the  buckling  mode. 

(Confidential  Abstract) 
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INTRODUCTION 


The  fine  continuous  iilumin’.im  wires  prescMit  in  i  cini'orced  solid  propel  hint 
(RFG)  lend  to  n  composite  mnlerinl  with  consideri.ib  Ic  lond-bearing  cnpnc.i  ty , 
This  liiis  been  deraonstrnted  many  times.  These  uiiiiiiie  propei  ties  siionld 
Dioke  HFG  n  prime  cnndjdato  for  missile  systems  wher*  exceptiona  lly  ho.sti  le 
environments  must  be  withstood. 

kliile  investig.' ting  boost-snstnin  iip|)l  i  rn  ti  ons  for  HlXi,  it  was  discovered 
that  some  very  lliick-wiill  grains  had  developed  ri  rcumferentia  Hy  orientrd 
interlaminar  cracks.  It  was  also  found  that  subsequent  low'-temperature 
soaks  would  generally  aggravate  these  cracks  and  sometimes  cause  tlie 
formation  of  n»'w  cracks.  It  became  apjrireiiT  ihat  the  potential  of  RFG 
would  not  be  realised  without  solving  the  dehimination  problem. 

Consequently,  the  main  effort  of  this  progratr.  was  directed  toward  the 
solution  of  tlie  dehimination  problem.  Various  njqiroaches  were  investi¬ 
gated.  These  included  an  amb lent- cure*  nuitrix  and  means  by  wliicb  radial 
reinforcement  may  be  acliieved.  Utlier  phases  of  the  program  involved  the 
exjicr imenta  1  determination  of  raeclionical  properties  of  HFG  and  the 
e.vperimeiita  1  examination  of  an  externally  pressurized  thick-wall  grain, 

A  balanced  approach  to  reinforced  propellant  behavior  was  undertaken  in 
this  program.  Several  solutions  to  a  linsie  problem  concerning  UFG  w'ere 
evaluated,  some  fundamental  data  essential  to  design  were  obtained,  and 
the  structural  performance  of  a  particular  UFG  design  was  investigated. 

More  work  in  eacli  of  the.se  areas  is  required.  Obviously,  the  solution 
of  the  grain  delamination  problem  is  most  important  and  most  urgent. 
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FILAMENT  WINDING  I'UUCFSF 


A  fihimcnt  windini'  miiciiini*  capable  ol'  layiti}!  down  prccifre  winding  pn^tnrna 
in  accordance  wiUi  prede  termined  w’indiiig  pa  Llis  ia  a  prerecjui  ai  te  for  I'abri- 
catiiig  reproducible  compoai  Le  teat  specimens.  All  of  tlie  filament  reinforced 
grains  recjuired  for  the  perl'onaance  ol'  this  program  were  wound  with  such 
a  machine,  shown  in  Fig.  1. 


Wire  filaments  are  laid  down  on  geodesic  paths  to  eliminate  wire  slijipage. 
Such  calculated  patlis  are  achieved  b;  a  three-axis  motion  of  the  w’inding 
machine.  Literal  movement  is  introduced  by  a  cam-controlled  carriage  which 
travels  parallel  to  the  longitudinal  a.\is  of  the  mandrel,  vertical  movement 
is  introduced  by  means  of  a  cross-feed  cum,  and  the  sjri  :dle  rotation  bears 
a  fixed  re  1  ii t ionshi p  to  the  speed  of  the  carriage.  Four  to  ten  wire  fila¬ 
ments  are  laid  down  on  the  mandrel  by  a  swiveling  roller  feed  guide  which 
aligns  the  filaments  with  each  point  of  tangency  of  the  grain  surface. 
Minimizing  the  distance  between  the  roller  feed  guide  and  the  point  of 
tangency  on  the  grain  reduces  the  unsupported  length  of  the  filaments 
and  results  in  greater  |*reci<;ion  of  wire  placement, 

A  computer  program  is  available  to  genereite  a  description  of  any  desired 
set  of  control  cum*  Geometric  descriptions  of  the  grains  to  lie  fabricated 
and  sets  of  winding  curve  pai-meteis  are  used  as  input  data.  After  con¬ 
verting  this  information  to  punch  card  descriptions  of  the  control  cams 
that  will  produce  the  desired  winding  curves,  and  translating  the  data  to 
auiomati:  milliig  macliine  punched  tapes,  the  cams  are  automatically  cut, 

Thin  IS  essentially  equivalent  to  a  tiipe-programiDed  winding  machine,  since 
a  direct  linh  is  established  between  a  mathematical  statement  of  the  mandrel 
shape  and  the  desired  winding  curve  to  automatic  operation  of  the  winding 
macii  1  IIP . 


II- 


3 


IQINiailiiNiBIfAl 


IlliinitrllL  iH'V.'iC' 


1^' 

-“■s  •  J 

rJF. 

« 

hUTHIX  COMPOSITION 


Mechanical  property  test  specimens  fabricated  for  this  program  contain  a 
common  matrix.  The  choice  is  based  upon  several  years  of  successful  uti¬ 
lization  in  liiany  reinforced  propellant  grains  made  for  a  variety  of  research 
purposes.  The  formulation  consists  of  13  weight-percent  of  carboxy-tenainated 
polybutadiene  binder  and  87  weight-percent  of  a  bimodal  blend  of  ammonium 
perchlorate.  Tris  l-(2  methyl)  azirdinyl  phosphine  oxide,  (MAPO)  is  adued 
as  the  curative  and  usually  amounts  to  approximately  2.5  weight-percent  of 
the  binder.  This  composition  is  similar  in  character  to  an  uncuied  con¬ 
ventional  composite  propellant.  However,  the  viscosity  is  higher  than  that 
used  for  making  cast  propellant  grains.  Solid  propellant  batch  mixing  proc¬ 
esses  are  employed  to  produce  the  matrix  feed  foe  the  filament  winding 
process.  Butarez  Type  I,  a  carboxy-terminated  ^  lyuutadiene  polymer  ir- 
purchased  from  the  Phillips  Petroleum  Company,  and  contains  1.23  weight- 
percent  of  active  carboxyl  groups.  The  formulation  and  mechanical 
properties  of  this  matrix  propellant  are  shown  in  Table  1. 

TABLE  1 

CHARACTERISTICS  OF  MATRIX  PROPELLANT  FOR 
FILAMENT -RE  LNFORCED  GRAIIB 


Formulation 


Ingredient  Weight  Percent 

Ammonium  Perchlorate  87.000 

Butarez  CTL  (Type  l)  12.675 

MAPO  Curative*  0.325 


Mechanical  Properties**  at 


Tensile,  psi  144 

Elongation,  percent  8.5 

Modulus,  psi  3500 


*Tri8  l-(2  methyl)  azirdinyl  phosphine  oxide 

**Croashead  speed,  0.1  in. /min 


The  oxidizer  used  to  formulate  the  matrix  propellant  is  prepared  by 
grind  ng  ond  blending  two  major  particle  size  ranges  of  amonium  per¬ 
chlorate.  A  ground  portion  of  the  regular  grade  is  blended  with  the 
regular  grade  to  the  extent  of  30  weight-percent  and  vacuum  dried  juat 
prior  to  tne  mixing  operation.  The  results  of  a  micromerograph  analysis 
showing  the  particle  size  and  distribution  curve  for  this  bimodal  blend 
is  ahown  in  Fig.  2,  and  is  representative  of  the  ammonium  perchlorate 
used  in  the  matrix  composition.  Because  microscopic  failure  analyses 
of  composites  reveal  that  initial  failure  sites  during  tensile  loading 
occur  at  tlie  interfacial  boundary  between  the  larger  particles  and  the 
binder,  the  maximum  particle  size  of  the  ammonium  perchlorate  ia  moin- 
tained  below  200  microns. 


REINFORCING  FILAMENT  CHARACTERISTICS 

Reinforcing  filoments  and  strain  gage  wire  were  characterized  under  uni¬ 
axial  tension  conditions  for  a  program  concerned  with  the  micromechanics 
of  fiber-reinforced  compositea  (Ref.  l).  Several  of  these  fi lamenta  were 
utilized  in  thia  program  and  include  cold  drawn  5056  aluminum  alloy,  high- 
strength  steel,  and  Advance  strain-gage  wire.  The  performance  of  these 
raoterials  ia  listed  in  Table  2.  Experimental  techniques  and  teat  conditio 
are  described  in  detail  in  Ref.  1. 


THIN' -WALL  GRAINS 

The  orthotropic  nature  of  reinforced  propellant  waa  establiahed  by  work 
performed  during  an  earlier  program  on  the  reaponse  of  thia  compoaite 
material.  A  continuation  of  thia  technical  effort  reaulted  in  the  deter¬ 
mination  of  the  magnitude  of  several  orthotropic  material  constants  for 
reinforced  propellaiiL  (ivel.  2).  Euiiiig  the  current  pl'ugl'aui,  Ol'thotrupic 
material  constant  measurements  have  been  extended  to  include  aluminum 
wire  reinforced  composites  wound  at  a  30-clegree  angle  and  high-strength 
steel  wire  reinforced  propellant  would  at  a  5A. 7-degree  angle.  Such 
information  ia  required  for  the  efficient  utilization  of  these  composites 
as  structural  materials. 
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DIAMETER  IN  MICRONS 


TAJBUB  2 


FILAMENT  STRESS -STRAIN  DATA 


^Average  of  five  apecimena 

**Average  of  four  or  more  testa,  performed  at  a  temperature  of  70  ±5  F, 
0.2  in. /min  troaahead  speed,  10-inch  apparent  gage  length 


Four  thin-wall  cylinders  were  filament  wound  wi  tli  live  propellant  matrix 
composed  of  87  weight-percent  of  ammonium  perchlorate  and  13  weight-percent 
of  polybutadiene  binder.  Three  of  these  grains  contained  5-rail-diameter, 
high-strength  aluminum  wire  and  one  grain  was  fiibricated  with  4-mi  l-diameter, 
high-strength  steel  wire.  In  each  case,  the  mandrel  consisted  of  a  5-inch- 
diameter  hollow  aluminum  cylinder,  25-5  inches  long,  with  dome-shaped  ends. 
The  mandrel  surface  was  covered  with  a  thi i  coating  of  a  silicone  grease 
to  permit  easy  grain  removal  and  a  single  layer  of  fiber  glass  tape  to 
prevent  any  contamination  of  the  specimen  by  the  silicone  grease.  Vari¬ 
ation  in  grain  diameter  over  the  entire  grain  length  was  maintained  within 
±0.020  inch  for  each  specimen.  This  dimensional  control  was  accomplished 
by  frequent  monitoring  of  the  grain  diameter,  permitting  machine  corrections 
to  be  made  as  required.  The  above  tolerance  was  important  because  the 
design  wail  thickness  is  only  0.125  inch.  A  minimum  of  wire  slippage  was 
obtained  by  carefully  adjusting  the  wire  tension  to  150  grams  for  each 
filamekit,  and  maintaining  temperature  control  of  the  matrix  to  minimize 
viscosity  changes.  All  grains  were  cured  in  an  oven  maintained  at  a 
temperature  of  170  F  for  7-  hours.  This  curing  cycle  is  common  to  pro¬ 
pellants  formulated  with  carboxy- terminated  polybutadiene  and  cured  with 
MAFO. 

Upon  completing  the  curing  cycle,  each  grain  was  cut  into  three  cylindrical 
test  specimens,  7  inches  long.  Cutting  was  accorajili shed  with  o  high-speed 
(5000  to  10,000  rpm)  milling  cutter  containing  tungsten  carbide  teeth.  The 
surfaces  expo.sed  with  tiiis  wheel  revealed  clean  smooth  cuts  and  relatively 
undisturbed  surfaces.  Use  of  this  technique  minimizes  the  distance  that 
cutting  effects  are  transmitted  into  the  test  specimen  wiiere  they  may 
influence  the  test  measurements. 


A  deviation  from  the  usual  procedure  of  pressing  the  end  of  the  grain  to 
remove  it  from  the  mandrel  was  instituted  because  of  the  thin-wall  cross 
sKctioii  which  presents  a  very  small  .area  an  which  to  exert  force.  Possible 
damage  to  the  end  of  the  specimens  was  eliminated  by  shrinking  the  mandrel 
surface  away  from  the  grains  and  manually  slipping  them  off  the  mandrel. 


B-71184 


9 


r 


©(IKllFaDlIWDiaiL 

A  small  quantity  of  liquid  nitrogen  poured  into  the  hollow  center  of  the 
aluminum  mandrel  was  sufficient  to  lower  the  mandrel  temperature  to  approxi- 
j  mately  -29  F  and  relesae  the  wound  grains.  Specimen  temperature  was  main¬ 

tained  above  32  F  by  the  insulating  character  of  the  fiber  gL)ss  tape 
I  separating  the  mandrel  surface  from  the  grain.  Condensation  of  moiature 

r  on  the  grain  aurfaces  was  prevented  by  wrapping  them  with  a  polyeater  tape. 

Thus,  mandrel  removal  did  not  subject  the  specimens  to  damaging  conditions. 

Compoaitions  and  geometries  of  the  thin-wall  grains,  as  well  ss  a  steel- 

staple  reinforced  grain  and  an  aluminum  screen  wire-wound  grain,  are  shown 

in  Table  3-  Fabrication  of  these  special  grains  are  described  elsewhere 

in  this  repcrt.  Several  thln-wall  specimens  are  shown  in  Fig.  3* 
i 
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WDiE-WOUM)  HEINFOIICED  GIIAINB 


Grain 

Charact 

eristics 

Composition , 
weight-percent 

Dimensions, 

inches 

Winding 

Angle, 

degrees 

Groin 

No. 

W’ire  Type* 

Wire 

Content 

Binder 

AP** 

ID 

OD 

Length 

041-23 

Aluminum 

9.55 

11.76 

m 

5.03 

5.31 

25.45 

54.7 

041-25 

Steel 

24. 10 

H 

5.04 

5.35 

25.45 

54.7 

041-26 

Aluminum  and 
Steel  Staples 

9.23 

0.79 

78.29 

5.05 

6.58 

25.45 

54.7 

041-27 

Aluminum*** 

7.17 

16.79 

76.04 

5.04 

5.27 

25.45 

54.7 

041-30 

Aluminum 

12.54 

11.35 

76.  11 

5.03 

5.29 

25.45 

30.0 

041-36 

Aluminum 

9.32 

11.79 

78.89 

5.04 

5.32 

25.45 

54.7 

041t37 

Aluminum 

Screen 

13.61 

12.96 

73.43 

2.98 

8.04 

m 

—  — 

♦Aluminum  Wire — 5056  alloy,  5-nii  1  diameter 
Steel  Wire — High  strength,  brass  coated,  h-mil  diameter 
Stool  Staples — Standard  commercial  staples  l/2  by  1/h  inch 
♦♦AP — Ammonium  perchlorate 
♦♦♦Ambient -cure  grain-polyurethane  binder 


IMBIliBNIBlBai 
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APPROACHES  TO  DEWMINATION  PHENOMENA 


During  the  course  of  extending  tlie  concept  of  anisotropic  burning  of 
aluminum  wire-reinforced  grains  to  bonat-austain  rocket  motor  applica¬ 
tions,  circumferential  crocks  were  discovered  in  thick-web  grains  (Uef.  3) 
Many  interlaminar  flaws  were  observable  in  grains  which  had  not  yet  been 
temperature  cycled.  Initially,  longitudinal  slots  which  are  utilized  in 
the  boost-sustain  design  were  suspected  to  be  tlie  cause  of  the  cracks. 
However,  further  analysis  ond  inspection  of  data  and  radiograpiia  disclosed 
that  the  presence  of  slots  did  not  appear  to  contribute  to  de lamina tion. 

A  photomicrograph  of  a  circumferential  crack  in  a  sectioned  thick-wail 
grain  is  shown  in  Fig.  In  some  cases,  these  flaws  extend  only  a  short 

distance  into  the  grain,  wlii  le  in  others  they  are  continuous  t'lroughout 
the  groin  length.  Thick-wall  grains  having  initial  interlaminar  flaws, 
as  well  os  those  containing  no  apparent  initial  flaws,  almost  inva.iobly 
displayed  on  aggravated  crock  condition  when  subjected  to  a  cold- 
temperature  cycle. 

From  this  work  it  was  concluded  that  these  cracks  could  have  been  caused 
by  one,  or  more  probably,  a  combination  of  factors.  The  high  OD  to  ID 
ratio  of  these  grains  is  sucii  that  merely  cooling  from  the  cure  temperature 
(170  F)  to  room  temperature  (7^2  F)  imposes  a  strain  distribution  which 
exceeds  the  radial  strain  capacity  of  the  grain.  Process  conditions  which 
cause  a  residual  strain  in  thick-wall  grains  at  room  temperature  and  grain 
design  factors  such  as  wire  angle  and  matrix  properties  may  contribute  to 
the  formation  of  flaws. 


The  raojor  portion  of  this  program  has  been  devoted  to  preliminory  investi¬ 
gations  of  techniques  which  would  alleviate  the  formation  of  delaminated 
regions.  The  approaches  considered  include  an  ambient-cure  grain  (to 
reduce  residual  strains),  increased  matrix  ctrongth,  and  scans  by  which 
radial  reinforcement  may  be  introduced. 
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AMBIENT-CURE  GRAIN 

A  matrix  system  was  developed  under  a  comiiaiiy-sponsored  program  which 
has  tlie  desirable  charactei' i  sties  of  higli  modulus  and  high  strength 
coupled  with  tlie  propM'ty  of  curing  at  room  temperature.  It  ■,.'>}s  pos¬ 
tulated  tliat  if  it  were  possiljle  (from  a  processing  standpoint)  to 
fubricate  reinforced  grains  utilizing  this  matrix  system,  the  delami- 
nation  problem  miglit  be  eliminated.  The  use  of  this  matrix  system  would 
facilitate  a  reduction  ol  tlie  residual  strains  in  a  cured  thick-wall  grain, 
Also,  the  higher  streiigf.li  capability  would  also  assist  in  the  reduction  of 
delaminations . 

The  first  step  to  integrate  an  ambient-cure  binder  into  reinforced  propel¬ 
lant  technology  was  taken  in  tlie  form  of  labi’i eating  a  thin-wall  grain.  A 
‘iA.'r-inch  thin-wall  cylinder  was  fabricated  to  ascertain  processibi li ty  of 
the  matrix  system  and  for  structural  testing. 

The  aubient-cure  matrix  propellant  contains  a  polyurethane  binder  made 
from  commercially  available  materials,  Poly tetramctliylene  etlier  glycol 
(PoljTneg  2010),  an  aliphatic  diisocyanate  (DDl  1410),  and  an  isocyanated 
castor  oil  (Vorite  hi)  are  mixed  with  the  oxidizei'  to  form  tlie  basic 
matrix  for  the  winding  process.  The  formulation  contains  15  weight- 
percent  of  binder  and  85  weight-percent  of  the  same  bjmodal  blend  of 
ammonium  perchlorate  used  with  usual  matrix  propellant.  At  frequent 
intervals  during  the  grain  w.nding,  small  quantities  of  a  solution  of 
ferric  acetyl  acetonate  in  isodecyl  pelargonate  are  added  to  the  com¬ 
paction  roller  which  mixes  this  curing  rate  catalyst  into  the  basic 
matrix  and  accelerates  the  ambient  curing  process.  All  other  aspects 
of  the  grain  fabrication  and  mandrel  removal  are  identical  to  the  process 
described  for  the  tliiu-wall  grains.  The  formulation  and  mechur.'cal  prop¬ 
erties  of  llie  ambient-curing  matrix  propellant  are  listed  in  fable  4. 
Compositions  and  pliysical  cliaracteristics  of  the  ambient-cure  grain 
are  shown  in  Table  5, 
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TABLE  4 


CHARACTERISTICS  OF  MATRIX  PROPELLANT  FOR 
AMBIENT-CURE  FILAMENT-REINFORCED  GRAIN 


Formulation 


Ingredient 

Ammonium  Perchlorate 
Polymeg  2010 
DDI  1410 
Vorite  63 

Isodecyl  pelargonate 
solution  of  Fej\A* 


Weight  Percent 
83.000 
11.443 
a.  370 
1.187 

Trace 


Mechanical  Properties**  at  70  F 


Tensile,  psi  252 

Elongation,  percent  4.1 

Modulua,  psi  18,300 


♦Curing  catalyst 
♦♦Cmsshoad  speed  2  in. /min 


In  thia  manner  the  first  ambient-cure  reinforced  grain  was  successfully 
fabricsted.  Subsequent  torsion  teaming  revealed  thst  a  less-than-optimum 
quantity  of  catalyst  was  applied  during  the  winding  operation  and  conse¬ 
quently  a  complete  cure  was  not  achieved.  Funding  limitations  prevented 
studying  means  to  achieve  optimum  amounts  of  catalyst.  For  the  same 
’•eaaon,  no  fabrication  of  thick-wsll  grains  was  undertaken.  This 
approach  to  the  delamination  problem  ia  very  promising  and  should  be 
pursued . 
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STAPLE-llElNFOUCED  WIKE-WOUND  GRAIN 


Altliough  there  is  general  agreement  that  radial  reinforcement  would  act 
ns  a  deterrent  to  delamination,  the  method  of  simply  and  rapidly  incor¬ 
porating  such  reinforcing  elements  is  not  as  clear.  A  means  of  accom- 
plisliing  this  was  proposed  by  tlie  ONR  contract  monitor.  The  uniiiue  idea 
consisted  of  manually  introducing  staples  into  the  grain  with  a  conventional 
staple  machine.  This  iippeared  to  provide  a  simple  processing  technique  to 
evaluate  the  radial  reinforcing  concept. 

Aluminum  wire  (5-niil)  and  the  usual  matrix  propellant  formulation  shown 
in  Table  1  were  wound  about  a  5-inch-diameter  mandrel  to  produce  such  a 
grain.  Intermittently,  the  winding  machine  was  stepped  and  standard 
steel  staples  were  manually  inserted  in  the  grain  at  an  angle  of  5^-7 
degrees  to  the  longitudinal  axis.  The  chevron-like  design  sl)own  in 
Fig.  5  was  used.  Eight  equally  spaced  rows  of  radial  staple  reinforcing 
were  introduced  about  the  cylindrical  grain  surface  in  four  discrete  layers. 
Each  layer  is  spaced  0.125  inch  from  the  preceding  layer  witli  tbe  first 
layer  being  introduced  after  filament  winding  the  grain  to  a  web  thickness 
of  0.25  inch. 

Grain  fabrication  proceeded  in  the  usual  fashion  with  no  apparent  difficulty. 
However,  after  completing  the  cure  cycle  and  radiographing  across  tlie  web, 
the  legs  of  the  steel  staples  were  observed  to  have  moved  away  from  the 
radial  direction  and  assumed  positions  parallel  to  tlie  wound  filament 
planes.  Thus,  all  radial  reinforcing  characteristics  were  lost.  Realign¬ 
ment  of  the  steel  staples  is  attributed  to  the  rotary  mixing  action  of  the 
compaction  roller.  An  X-ray  photograph  showing  the  extent  to  which  the 
steel  staples  moved  into  the  planes  of  the  wire  filaments  is  shown  in 
Fig.  6.  The  composition  of  this  grain  is  listed  in  Table  3. 

Because  of  the  staple  motion  indicated  by  the  radiographs,  no  further  tests 
were  performed  on  this  grain.  The  use  of  other  staple  reinforcing  techniques 
which  are  more  consistent  with  the  existing  helical  winding  fabrication 
process  will  be  described  subsequently. 
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Figure  5.  Staple  Grain  Design 
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SCHEKN-WDIE  GlUlN  WITH  ILVUUL  HElNFOltCING 

AnotiHT  means  of  making  a  de  Inminu  ti  on-frcc  tiiick-wall  grain  was  sug¬ 
gested  by  J.  M.  Crowley,  ONH  contract  raonit.or.  The  proposed  grain  was 
to  be  a  spirally  wound  aluminum  screen  wire  grain.  Therefore,  a  fabrica¬ 
tion  technique  basically  different,  from  the  helical  winding  process  was 
employed.  Aluminum  screen-wire  (5-mil)  and  matrix  propellant  wire  were 
spirally  wrapped  about  a  3-inch-diameter  mandrel  to  form  sufh  a  grain. 

The  screen-wire  w-as  fed  from  a  tensioned  spool  and  the  matrix  was  applied 
as  needed  at  the  nip  angle  between  the  compaction  roller  and  the  gram 
surface.  Aftc'i'  every  five  revolutions  of  the  mandrel,  the  winding  was 
stopped  and  a  screen  puncturing  device  was  rolled  over  the  several  layers 
of  propellant,  thus  breaking  a  limited  number  of  aluminum  wire  filaments 
and  orientating  them  in  a  radial  direction.  By  repeating  this  process 
throughout  the  grain  fabrication,  radial  reinforcement  was  achieved  over 
the  entire  web.  A  schematic  of  the  machine  used  for  winding  the  screen- 
wire  grain  is  shown  in  Fig.  7. 

Matrix  propellant  for  this  screen-wire  reinforced  grnin  was  especially 
formulated  to  suit  the  screen  winding  process.  The  matrix  differs  from 
th^^i  (  ased  to  fabricate  the  mechanical  property  test  specimens  in  that  it 
contains  2  weight-percent  less  of  the  bimodal  blend  of  ammonium  perchlorate. 
Thus,  a  reduction  in  the  matrix  propellant  viscosity  is  obtained  and  the 
matrix  can  more  readily  penetrate  the  small  openings  in  the  screen-wire. 

The  formulation  is  composed  of  15  we i giit-percent  of  carboxy-terminated 
polybutadiene  binder  and  85  weight-percent  of  ammonium  perchlorate.  As 
in  the  case  of  the  usual  matrix  formulation,  MAPU  is  used  for  crosslinking 
and  batch  mixing  is  employed  to  prepare  the  mixture  for  grain  fabrication. 
The  standard  curing  cycle  developed  for  this  polymer  system  was  utilized, 
and  consists  of  holding  the  grain  in  a  I7O  F’  oven  for  7^  hours.  The  matrix 
formulation  for  the  screen-wirt  reinforced  grain  is  given  in  Table  5- 
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TABLE  5 


FOHMULATION  OF  MATRIX  PHOPEJ.UNT  FOR 
SCREEN-WIRE  REINFORCED  GRAIN 


Ingredient 


Woiglit  Percent 


Ammonivim  PercRiorate 
Butarez  CTL  (Type  l) 
MAPO  Curative^ 


S5.000 

14.625 

0.375 


*Tris  l-(2  methyl)  ozirdinyl  phuspliine  oxide 


After  curing,  both  ends  of  the  screen-wire  grain  were  machined  with  a 
high-speed  tungsteii-carbide-tipped  cutter  to  provide  a  finished  grain 
length  of  6.25  inches.  The  normal  procedure  of  pressing  the  end  of  the 
grain  to  slip  it  off  the  mandrel  wus  used,  because  the  8-inch  OD  presented 
a  large  cross-sectional  area  upon  which  to  exert  a  small  force  with  little 
danger  of  damaging  the  specimen.  Press  force  was  transmitted  to  the  grain 
surface  through  a  steel  plate  covering  the  entire  cross  section  of  the 
grain.  After  initial  movement  of  the  grain,  it  was  manually  slipped  off 
the  untapered  mandrel  and  placed  in  an  air-conditioned  raom  to  await  phys¬ 
ical  measurements  and  temperature  cycling. 

A  visual  inspection  of  the  screen-wire  grain  was  mode  approximately  24  hours 
later  and  prelimiuary  to  making  physical  measurements.  A  delaminatioii  in 
one  end  of  the  grain  was  discovered  ut  this  time.  This  flaw  was  located 
very  close  to  the  mid-point  of  the  web  cross  section  and  measured  1.26 
inches  from  tip  to  tip.  Visual  examination  performed  3  days  later  indi¬ 
cated  that  the  crack  increased  in  length  to  1.5  inches  and  became  visible 
on  the  opposite  end  of  the  grain.  Meusurements  of  the  ID  and  OD  wore  taken 
at  eight  positions  on  each  end  of  the  grain  immcdictely  following  discovery 
of  the  delamination  and  again  after  the  flaw  became  visible  at  the  opposite 
end.  These  dimensions  showed  no  significant  changes  within  the  ±0. 020-inch 
accuracy  of  the  measurements.  The  location  of  the  delamination  is  shown 
in  Fig.  8  and  9  • 
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Subsequent  to  the  visual  inspection,  radiographs  of  the  entire  screen- 
wire  grain  were  token  tangent  to  the  cylindrical  surfaces.  Une  major 
delaminated  area  was  present  which  extended  over  tfie  full  gram  length. 
Nearby,  a  second  flaw  appeared  close  to  one  end  of  the  grain,  llowevei-, 
this  crack  was  relatively  short  and  was  probably  associated  with  the 
major  defect.  These  de laminations  appeared  us  straight  lines  in  the 
X-ray  shown  in  Fig,  10. 

Various  reasons  for  these  cracks  may  be  advanced,  such  as  those  connected 
with  grain  fabrication.  For  instance,  the  lack  of  sufficient  matrix  in  a 
particular  area  would  conceivably  result  in  a  crack  or,  in  this  case,  a 
lack  of  sufficient  radial  reinforcement  in  a  specific  area.  It  is  pos.sible 
that  filament  or  wire  spacing  i.s  an  important  parameter,  particularly  in 
the  radial  direction.  Tiiis  may  be  illustrated  in  the  following  raenner. 

If  screen-wire  or  wire  filumeats  are  brought  together  so  that  they  contact 
or  almost  contact  each  other,  obviously  little  matrix  tan  be  present  to 
assume  the  strains  whicii  develop.  Some  research  in  this  direction  might 
prove  useful  and  help  to  exjilain  the  circumferential  cracks  sucli  as  shewn 
by  the  photomicrographs  of  Fig.  4  and  11.  These  are  5X  enlargements  of 
de  laminations  in  a  filament-wound  grain  and  in  the  scrcen-wii’e  grain.  In 
general,  these  flaws  are  similar,  although  tl»e  edges  of  the  filament-wound 
gram  crack  are  much  rougher  and  appear  to  move  through  different  circum¬ 
ferential  planes.  Such  a  difference  can  be  anticipated  in  view  of  the 
interwoven  character  of  the  filament-wound  grain  relative  to  the  screen- 
wire-wrapped  laminate, 


OTHER  AFPHOAdillii  TU  THE  DELAMINATIU.N  FUOULEM 

Improving  wire-reinforced  propcliunt  inocessing  techniques  to  minimize 
residuol  stresses  witliin  the  grain  may  offer  a  solution.  Currently,  wjie- 
reinforced  propellant  utilizes  a  polyliutadiene  typo  of  matrix  bindei' 
requiring  a  “j-Quy  curing  cycle  at  elevated  temperatures.  Assuming  a 
uniform  curing  reaction  througliout  the  grain,  a  cendition  of  rainitnum 
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Figure  it),  X-llay  of  Alumitium  Screen-Wire  Groin 
Showing  Delamiria  tion 


mmmmm 


Photomi  crof'rupli  of  I’ropo  I  lant  Delamination 
in  Sc rt>en-Wi  re-Ue  i n forced  Grain 


stress  exists  within  the  structure  at  the  curing  temperatures.  However, 
thermal  stresses  are  introduced  when  the  wire-reinforced  grain  is  removed 
from  thic  environment  and  subjected  to  the  usual  ambient  temperature  con¬ 
ditions.  These  stresses  are  increased  further  when  the  reinforced 
propellant  temperature  is  lowered  (-70  F)  during  temperature  cycling. 

The  preceding  explana* ion  is  an  over-simplification  because  the  curing 
reaction  is  not  uniform  throughout  tlie  composite.  Wire-reinforced  grains 
are  cured  on  a  winding  mandrel  which  can  conduct  he;;t  to  the  ID,  altliougli 
most  of  the  heat  enters  the  grain  from  the  exposed  outer  surfaces.  Thus, 
the  cure  proceeds  in  general  from  the  outside  to  the  inside  and  can 
produce  compie.x  stress  conditions  within  the  structure. 

Utilization  of  a  reinforced  propellant  matrix  capable  of  arabient  curing 
on  tlie  mandrel  as  the  grain  is  being  wound  provides  a  unique  improvement 
in  the  process  which  can  alleviate  thermal  stresses  resulting  from  the 
usual  curing  cycle.  This  concept  may  he  reduced  to  practice  by  making 
a  matrix  premix  having  the  correct  formulation  except  for  a  reaction  or 
curing  catalyst  wliicli  is  added  via  the  compaction  roller  during  the  grein 
fabrication.  The  catulyst  mixes  with  tlie  matrix  propellant  on  the  surface 
of  t'  grain  and  curing  starts  as  tlie  reinforcing  wires  ore  being  wound 
into  the  matrix.  Curing  lates  can  be  altered  by  varying  the  amount  and 
concentration  of  the  catalyst  applied  tu  the  rolls,  and  adjusted  to  match 
the  fabrication  rate.  The  successful  fabrication  of  a  thin-wall  grain 
with  this  matrix  system  has  been  previously  described.  The  true  test,  of 
this  approach  requires  the  fabrication  of  a  thick-wall,  ambient-cure  grain. 
In  addition  to  reducing  detrimental  residual  stress  fields,  this  process 
may  facilitate  radial  compressive  prestressiiig  (as  in  the  autofrettage 
technique).  This  may  further  extend  the  low-temperature  capability  of 
thick-wall  grains. 

Minimizing  internal  stresses  in  wire-reinforced  propellant  may  be  achieved 
in  another  manner.  Many  continuous  filament-wound  reinforced  grains  have 
b'^en  fabricated  by  the  Research  Division  utilizing  carboxy-terminated 
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polybutadiene  matrix  propellants  and  static  fired  to  evaluate  the  bal¬ 
listic  characteristics  of  tlie  aluminum  wire-reinforced  system.  Delami¬ 
nations  were  not  apparent  in  these  grains.  Uowevor,  the  web-thi ckness 
was  only  0.5  inch  because  this  is  sufficient  to  attain  a  pressure  and 
thrust  equilibrium  needed  for  obtaining  ballistic  data.  Delaminations 
were  first  observed  in  thick-wall  grains  having  OD/ ID  ratios  of  ii,5  or 
greater.  Because  0.5-incii  thick-walls  can  be  satisfactorily  processed 
with  no  evidence  of  cracking,  incremental  winding  and  curing  may  be  used 
as  a  pr.Tcess  technique  for  fabricating  thick-wall  grains.  Although  this 
approach  introduces  the  possibility  of  interfaces  between  increments, 
tills  may  not  be  serious  because  wire-reinforced  restrictors  have  been 
wound  about  cured  grains  witliout  difficulty. 

Another  method  for  solving  tlie  grain  delamination  problem  is  to  increase 
the  radial  strength  of  wire-reinforced  propellant  by  distributing  the 
stresses  more  uniformly  throughout  the  thick-web  rather  than  attempting 
to  relieve  existing  stresses.  An  increas'.'  in  the  radial  strength  of 
wire-reinforced  propellant  can  be  achieved  hy  incorporating  short  alu¬ 
minum  wire  filaments  into  the  grain  so  that  a  radial  orientation  and 
reinforcement  at  the  local  level  is  obtained.  Such  an  effect  can  result 
from  feeding  a  quantity  of  short  filaments  along  with  each  increment  of 
matrix  propellant.  A  portion  of  these  short  libers  are  given  a  radial 
orientation  by  the  action  of  the  continuous  wire  filaments  working  their 
way  into  the  surface  of  the  matrix.  This  technique  is  compatible  with 
the  helical  winding  process  and  will  achieve  radial  reinforcement.  Con¬ 
sideration  should  also  be  given  to  employing  short  segments  of  aluminum 
wire  in  combination  with  the  ambient-cure  matrix  system. 

Developing  a  matrix  binder  more  suitable  for  use  with  wire-reinforced 
propellants  is  another  approach  that  may  eliminate  delaminations .  A 
carboxy-terminated  polybutadienc  binder  was  adopted  during  the  early 
research  on  reinforced  propellant.  Originally,  this  matrix  was  chosen 
for  ease  of  processing  and  good  ballistic  performance.  Until  the  appear¬ 
ance  of  cracks  in  thick-wall  grains,  it  appeared  that  the  Butarez  resin 
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used  for  cast  propellants  was  adequate  for  wire-reinfor  ‘c-d  propellants. 

It  now  appears  that  a  tougher, stronger  matrix  may  be  required  because 
the  moat  effective  use  of  RFG  will  involve  its  ability  to  withstand 
severe  environments.  Where  structural  loads  are  to  be  carried  by  the 
propellant  groin,  the  propellant  undoubtedly  will  be  improved  if  a  high- 
strejgth  binder  is  selected  to  support  the  high-modulus  reinforcing  wire. 
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mTLJlUL  PR0Pf3?niS  TISTS 

Tilt*  primary  aim  of  tiiir  phase  of  the  i)rograni  vas  to  investigate  the  ortho- 
tropic  characteristics  of  RFTi.  This  informatii.n  is  essential  in  predicting 
the  response  of  RPfi  to  mechanical  and  thermal  loadings.  The  test  series 
described  belov  is  an  extension  of  the  worli  ])erformed  under  an  earlier 
task  of  tile  curi'ent  contract  and  was  reported  in  Ref.  2. 

Because  orthotropi/  properties  can  bo  very  sensitive  to  changes  in  wire 
angle  and  modulus,  tlie  test  series  was  designed  to  obtain  an  estimate  of 
the  eifects  of  these  parameters.  The  original  plan  included  two  additional 
winding  angles  (one  higher  and  one  lower  than  the  •  7-<lngree  angle  previ¬ 
ously  considered  and  one  wire  type  with  a  higher  modulus  than  aluminum 
(steel).  Redirection  of  the  main  program  effort  to  the  delamination  prob¬ 
lem  resulted  in  the  elimination  of  part  of  tliis  ]>lan. 

Thin-^eall  cylindrical  specimens  were  used  for  both  uniaxial  and  torsion 
tests.  Fabrication  and  composition  of  the  specimens  have  been  described 
in  a  previous  section. 

INSTRUMENTATION  AND  RBCOFdlING 

Recording 

All  the  mensuring  devices  used  during  the  test  series  were  connected  to 
individual  galvanometers  which  produce  traces  on  an  oscillograph.  Cali¬ 
brations  (which  will  be  described  separately  below)  consisted  of  correlat¬ 
ing  oscillograph  trace  displacements  with  known  increments  of  the  quantities 
being  measured.  This  data  retrieval  system  enabled  the  simultaneous,  con¬ 
tinuous  monitoring  of  all  tho  parameterr.  of  interest. 
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Instrumentation 


Longitudinal  Displacement.  Clip-type  transducers,  fabricated  from  stainless- 
steel  sheets,  0.015  inch  thick,  were  used  to  measure  longitudinal  displace¬ 
ments  of  the  cylindrical  specimens.  Two  350-ohm  foil  strain  gages  were 
applied  to  the  central  jiortion  of  the  transducer.  A  change  in  distance 
between  the  legs  of  the  transducer  results  in  bending  of  the  central  por- 
..ion.  One  strain  gage  is  in  tension  and  one  is  in  compression,  because 
the  gages  were  wired  as  adjacent  legs  of  a  Wlieatstone  bridge,  the  output 
of  the  two  gages  is  added.  The  bridge  was  excited  by  a  d-c  electrical 
source . 

Calibration  of  the  displacement  transducers  was  accomplished  by  attaching 
the  transducer  logs  to  two  blocks  of  plastic  firmly  fixed  on  the  anvils  of 
a  vernier  caliper.  Increuerits  of  displacement  were  then  applied  by  the 
fine  adjustment  screw  of  the  caliper  and  the  output  of  the  gage  bridge  was 
recorded  on  the  oscillograph. 

The  attachment  of  the  grain  specimens  was  achieved  by  adhering  small  piece.<5 
of  pla.stic  to  the  grain  surface  with  Epon  H.‘20.  The  feet  of  the  transducers 
were  then  screwed  to  the  plastic  tables.  This  method  of  attaching  the 
transducers  to  the  grain  is  the  same  as  that  used  in  the  calibration  setuji. 


Circumferential  Strain.  The  circumferential  .strains  were  obtained  by  means 
of  Constautar.  strain  gage  wire  helically  wound  in  a  very  close  pitch  (32 
turns  per  inch)  on  the  grain  surface.  The  wire  was  w'ound  into  a  5-  to 
lO-mil  layer  of  Epon  820  and  cured.  After  curing  , the  wire  was  cut  at  two 
places  and  electrical  leads  were  attached.  This  effectively  resulted  in  a 
hoop  gage  which  averages  the  strains  over  its  entire  length.  For  all  the 
thin  wall  specimens  tested,  two  such  hoop  gages  were  utilized  in  the  central 
2  inches  of  the  grain.  The  initial  resistance  of  each  of  tlic  gages  was 
approximately  I30  ohms. 


32 


R-7284 


The  quantity  actually  measured  was  the  resistance  change  of  the  known 
initial  resistance.  Because  the  Advance  strain  gage  wire  has  a  gage 
factor  of  approximt'+cly  2  (even  after  the  wire  passes  its  yield  point), 
the  hoop  strain  is  easily  calculated  from  the  relation 

_ AH 

e  Gage  factor  x 

The  amount  of  oscillograph  trace  deflection  corresponding  to  a  given  resis¬ 
tance  change  was  obtained  by  inserting  a  resistance  decade  box  in  series 
with  the  gage  and  adding  increments  of  resistance. 

As  a  check  on  the  use  of  hoop  wound  gages  to  measure  circumferential  strain, 
a  clip-type  displacement  transducer  was  used  to  determine  grain  diameter 
change  during  selected  tests.  This  transducer  was  calibrated  in  the  same 
manner  as  the  longitudinal  transducers.  There  w'as  close  agreement  in  the 
circumferential  strains  determined  in  this  manner  and  those  obtained  from 
the  hoop  gages  during  the  tests  where  both  methods  were  used.  A  high 
confidence  measure  can  therefore  be  assigned  to  the  hoop  gage  data. 


Internal  Pressure.  Internal  pressure  measurement  was  obtained  by  means  of 
a  Teledyne  pressure  transducer.  Calibration  was  performed  by  means  of  a 
standard  dead  weight  tester.  Internal  vacuum  measurement  was  obtained  by 
means  of  a  Statam  differential  pressure  tiansducer.  A  vacuum  pump  was  used 
to  achieve  a  vacuum  equivalent  to  28  inches  of  mercury.  A  mercury  manometer 
was  plumbed  into  the  vacuum  line  and  calibration  of  the  transducer  was 
accomplished  by  drawing  vacuum  in  increments  of  inches  of  mercury  and 
recording  the  corresponding  oscillograph  trace  displacement. 


Axial  Load.  Axial  loads  were  applied  by  an  Instron  test  machine  and  measured 
by  an  Instron  load  cell.  Calibration  of  the  load  cell  was  accomplished  by  a 
Morehouse  proving  ring. 
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Angular  Rotation.  A  specially  designed  transducer  was  fabricated  to  measure 
relative  rotation  of  two  croos-seetions  of  a  twisted  specimen.  This  trans¬ 
ducer  consisted  of  a  cantilever  beam  wliich  is  attached  to  one  cylinder  sec¬ 
tion  by  means  of  a  piece  of  plastic  bonded  to  the  surface.  Two  strain 
gages  bonded  to  the  beam  produce  an  electrical  signal  when  the  beam  is  de¬ 
flected.  A  cylindrical  peg  was  similarly  affixed  to  the  cylinder  at  another 
cross-section.  As  the  two  sections  were  rotated  with  respect  to  each  other, 
the  beam  was  deflected  and  a  signal  was  generated  by  the  strain  gages. 
Calibration  of  the  transducer  involved  a  correlation  of  trace  displacement 
with  imposed  known  increments  of  relative  angular  displacement. 

TEST  SET-UP  AIJD  PROCEDURES 

Each  of  the  thin-wall  grains  was  glued  with  Epon  820  and  curing  agent  T 
into  aluminum  end  fixtures  (Fig.  12).  Considerable  care  was  employed  in 
the  alignment  of  the  grain  in  the  end  fixtures.  All  gluing  operations  were 
conducted  on  a  surface  plate  and  a  right  angle  square  was  used  to  set  the 
generators  of  the  cylindrical  grain  normal  to  the  end  fixtures.  An  assem¬ 
bled,  fully  instrumented  test  specimen  is  shown  in  Fig.  12  . 


Compression  Tests 

To  ensure  axiality  of  the  applied  compressive  loads,  a  shallow  hole  was 
countersunk  in  the  center  of  the  top  end  fixtures.  A  steel  ball  was  placed 
in  this  hole,  and  the  assembly  was  set  in  the  Instron  test  machine  with  the 
steel  ball  along  the  axis  of  the  compression  cell.  The  compressive  load 
was  applied  slowly  (crosshead  speed  of  0.05  in. /min)  to  the  desired  load 
level.  One  of  the  specimons  was  loaded  in  this  manner  until  a  maximum  load 
was  reached.  After  achieving  this  maximum  load,  the  crosshead  motion  was 
reversed  and  the  load  on  the  specimen  was  relieved. 
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Tension  Teats 


Two  plates  containing  centrally  locnted  shafts  were  bolted  to  the  end 
fixtures.  A  steel  blocl<  was  screwed  onto  each  of  tin’  shafts.  The  steel 
blocks  were  fitted  into  the  Instron  tensile  frrips,  and  the  axial  tensile 
loads  were  applied  by  pulling  on  these  blocks.  The  tensile  load  was 
applied  slowly  (crosshead  speed  of  O.O5  in.  min)  to  the  desired  load 
level . 


lIooi)  Tension  and  Compression  Tc.st 

Stress  states  of  hoop  tension  and  compression  are  obtained  by  menns  of  com¬ 
bining  internal  pressure  and  internal  vacuum  with  axial  compression  and 
axial  tension  respectively.  Because  internal  pressure  (or  vacuum)  causes 
a  2:1  hoop  stress  to  axial  stress  in  thin_vall  cylinders,  an  axial  compres¬ 
sion  (or  tension)  must  be  applied  to  cancel  the  axial  stress.  Gaseous 
nitrogen  was  used  for  internal  pressur ixatior.  and  a  vacuum  pump  w'as  used 
to  create  vacuum.  The  balancing  of  the  nxial  stress  with  axial  load  was 
incremental.  The  sequence  consisted  of  the  application  of  an  appropriate 
increment  of  axial  load.  Although  this  i)rocedure  is  not  as  satisfactory 
as  continuous  cancellation  of  the  axial  stress,  sufficiently  good  data 
were  obtained  by  this  technique. 


Biaxial  Stress  Tests 


Various  ratios  of  axial  tc  circumferential  stress  can  easily  be  obtained 
by  means  of  adding  to  (or  subtracting)  nxial  stress  to  the  1:2  ratio  obtained 
from  internal  pressure  or  vacuum  loadings.  Three  thin-wall  specimens  were 
tested  in  this  manner. 


Torsion  Tests 


A  special  torsion  fixture  was  designed  for  use  in  conjunction  with  an  Instron 
tost  machine.  This  fixture  is  bolted  to  the  crosshead  of  the  machine  and 
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torque  ia  applied  to  the  apecimen  by  means  of  a  cable  around  a  pulley  aa 
shown  in  Pig.  13.  The  cable  is  connected  directly  to  a  tension  load  cel) 
The  torsion  fixture  was  so  designed  that  the  same  specimen  configuration 
and  end  plates  could  bo  used  as  were  employed  for  the  other  material  pro¬ 
perties  tests.  The  cylinder  shown  in  the  fixture  (Fig.  O)  is  a  split 
cylinder  used  in  calibrating  the  angle-of-twiat  transducer. 

The  teat  procedure  consisted  of  applying  increasing  torque  at  a  constant 
rate  to  a  certain  maximum  and  then  unloading.  The  maximum  torque  applied 
was  governed  by  the  capacity  of  the  torsion  fixture. 


HESULTS 

The  maximum  shear  stress  level  imposed  on  each  specimen  during  torsion 
testing  was  governed  by  the  capacity  of  the  torsion  fixture.  In  each 
case  the  torque-shear  strain  curves  were  straight  lines.  Tbe  maximum 
shear  stresses  applied  were  not  sulficiently  great  to  cause  yielding  in 
any  specimen.  The  torsional  moduli  for  the  specimens  tested  are  presented 
in  Tab le  h , 


T.\BLE  6 

T011SI0N.4L  MODULI  FOR  TESTED  SPECLMENS 


Grain 

Number 

Winding  Angle, 
degrees 

Wire  Type 

Torsional  Modulus, 
psi 

041-25 

55 

Steel 

295,900 

041-25 

55 

Aluminum 

152,800 

041-50 

30 

Aluminum 

127,200 
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Other  aspects  of  torsional  behavior  were  observed.  For  example,  a  55- 
dcgree  nluminum  wire  specimen  displayed  no  appreciable  relaxation  from 
a  670-pai  shear  stress  level  over  a  5-niinute  period.  Also,  each  of  the 
specimens  were  subjected  to  from  10  to  15  load  cycles  with  no  apparent 
response  changes.  The  reason  for  this  behavior  lies  in  the  closeness  of 
the  winding  nngles  to  45  degrees ,  the  angle  where  the  mnxiDum  direct 
stresses  occur  under  torsion.  Consequently,  the  wires  are  predominating 
the  response  in  the  ranges  tested. 

.■\n  ambient-cure,  tliin-vall  grain  was  also  tested  in  torsion.  It  became 
apparent  that  a  complete  cure  was  not  attained,  and  the  test  was  terminated. 

Two  specimens  each  of  54.7-degrce  steel  wire  grnin  and  the  50-degree  alu¬ 
minum  wire  grain  were  subjected  to  hoop  and  longitudinal  tension.  The 
stress-strain  curves  characteristically  displayed  a  linear  initial  portion 
(similar  to  those  presented  in  ilef,  2  ).  The  .steel  wire  specimens  did 
not  exhibit  any  appreciable  relaxation  or  creep  beha>rior.  However,  there 
was  considernble  creep  associated  with  the  hoop  behavior  of  the  50-degree 
aluminum  wire  grain.  This  is  reasonable  because  the  lower  winding  angle 
(compared  with  the  54.7-degree  winding  angle)  would  result  in  hoop 
behavior  that  more  strongly  reflects  the  viscoelastic  properties  of  the 
matrix.  Creeping  of  the  giain  in  the  iioop  direction  caused  difficulties 
in  incrementally  cnncelling  the  pressure-induced  axial  stresses,  Tlie 
properties  determined  by  these  tests  are  presented  in  Table  7  . 

rABI£  7 

Glh.LV  PllOPERTIES 


Grain 

E 

z ,  psi 

V 

ze 

E 

e ,  psi 

V 

ez 

p  crrpp 

steel 

52,600 

0.415 

171 ,ono 

2.54 

50 -degree 
Aluminum 

iiy,ooo 

1 _ 

2.97 

10,800 

0.17 
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It  should  be  emphasized  that  the  results  presented  represent  the  results 
of  single  tests.  Therefore,  no  estimate  of  scatter  can  be  advanced,  Any 
subsequent  related  effort  should  incluu-  leveral  tests  a.  specific  tests 
conditions  to  establish  confidence  limits. 
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PKRFOllATED  COKE  GRAIN 


Thick-wall  reinforced  propellant  should  be  capable  of  withstanding  high 
external  pressure  loading  and  therefore  appears  promi sing  for  certain  deep 
submergence  applications.  For  these  applications,  there  is  a  necessity 
for  high-volume  loading  of  propellant,  which  thereby  limits  the  size  of 
the  grain  perforation.  Special  designs  must  bo  selected  to  provide  the 
high  mass  flowrates  necessary  to  attain  high  thrust-to-weight  ratios 
usually  required.  A  new  approach  to  the  design  of  such  a  grain  was 
conceived  on  a  company-sponsored  program  and  forms  the  basis  for  the 
current  work. 

The  design  concept  consists  of  a  reinf orced-core  grain  containing  a 
prescribed  pattern  of  radial  holes  which  is  overwrapped  with  a  shell 
of  reinforced  propellant.  This  design  preserves  most  of  the  structural 
strength  of  the  core  and  provides  the  added  burning  surface  required  for 
high  mass  flowrates.  Various  patterns  of  radiai  perforations  and  depths 
of  holes  provide  versatility  to  this  design  approacli.  The  propellant 
giain  fabricated  for  testing  during  this  program  had  a  core  wound  at  70 
degrees  and  an  outer  propellant  shell  wound  at  5^*-7  degrees.  Retails  of 
the  fabrication  of  this  grain  are  presented  in  Kef.  2.  A  schematic  of 
this  grain  is  shown  in  Fig.  14  and  the  completed  grain  is  shown  in 
Fig.  15.  The  completed  grain  was  then  prepared  for  testing  by  external 
pressurization. 


TEST  SET-UP  ANR  PROCEDURE 

A  thambor,  consisting  of  a  b-inch,  stainless-steel  shell  with  heavy  welded 
flanges,  was  modified  to  accommodate  and  apply  external  pressure  to  the 
perforated  core  grain.  One  flange  was  machined  to  achieve  an  0-ring  seal 
with  one  end  fixture  of  the  grain.  Because  pressure  was  to  be  applied  by 
hydraulic  fluid,  a  thin  protective  coating  of  PRC  synthetic  rubber  was 
applied  to  the  grain  surface. 
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Figure  14.  Grain  No.  041-1?  (perforated  core  p’.v^'s  external  shell) 
for  External  Pressurization  Tests 


The  grain  was  extensively  instrumented  with  internal  hoop  gagen  (refer 
to  Fig.  14  for  locations),  longitudinal  displacement  transducers  (on  ID 
and  OD) ,  and  an  ID  change  transducer.  Calibration  end  recording  pro¬ 
cedures  were  similar  to  those  previously  described. 

The  grain  was  maintained  in  position  in  the  flange  by  a  crad'  insisting 
of  two  rods  and  a  support.  This  cradle  was  constructed  so  that  it  would 
automatically  be  released  when  pressure  .sufficient  to  support  the  weight 
of  the  grain  was  applied.  The  grain  was  then  lowered  into  the  chamber 
(refer  to  Fig.  lb)  and  the  top  flange  was  bolted  in  place.  Ttie  tost 
procedure  involved  gradually  increasing  pressure  until  a  maximum  was 
attained. 


RESULTS 

The  instrumentation  revealed  that  an  initial  linear  functional  relation¬ 
ship  existed  between  strain  and  pressure.  Ulien  the  pressure  reached  450 
psi,  the  instrumentation  indicated  that  the  grain  had  buckled.  After 
buckling,  complete  axisymmetry  of  the  strains  was  lost.  Consequently, 
the  readings  from  the  gages  and  displacement  transducers  were  no  longer 
mean] ngf u 1 . 

After  tills  initial  instability,  the  grain  continued  to  withstand 
increasing  applied  pressure.  The  pressure  was  increased  until  complete 
collapses  occurred.  The  maximum  pressure  reached  was  19*20  psi.  Figure  17 
shows  the  failed  grain  after  the  removal  of  tlie  protective  rubber  coating. 
The  three  light  areas  are  regions  where  the  reinforced  propellant  shell 
was  being  extruded  into  the  core  perf o.^ations .  The  light  lines  running 
longitudinally  are  creases  caused  by  the  collapse  of  the  grain  wall. 

The  grain  was  then  sectioned  for  internal  examination.  A  cut  was  first, 
made  at  the  middle  of  the  grain  normal  to  the  grain  axis.  The  two  resulting 
pieces  were  then  cut  longitudinally.  Figure  18  shows  a  transverse  section 
of  tlie  grain.  Extrusion  of  both  the  wire  and  the  matrix  of  the  outer  shell 
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Figure  lb.  Perforated  Core  Grain  Prepared  for 
External  Pressurization  Test 
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Figure  I7.  Pexf orated-Core  Grain  Alter  Buckling  Failure 


into  tile  porforiition  is  dourly  visible.  Shear  fui  lure  lines  (light 
linos)  are  uiiimreiit  in  the  matrix  above  the  perforation.  A  delamination 
between  the  shell  and  core  is  obseivable  to  the  left  of  the  perforation. 

Figure  l‘J  shows  a  longitudinal  grain  section.  At  the  bottom  of  this 
figure  there  is  a  distinct  separation  of  matrix  and  wires.  This,  to¬ 
gether  with  posttest  examination  of  the  diameter  change  transducer, 
indicated  that  the  core  suffered  almost  complete  collapse  at  failure. 

One  of  the  main  conclu.si  oris  that  can  be  drawn  from  the  postte.st  sectioning 
and  analy.sis  is  that  the  pe  i' f  ora  t  i  on  in  the  core  were  too  lai-ge.  Greater 
structural  integrity  would  probably  have  been  realized  with  a  design  uti¬ 
lizing  a  larger  number  of  perforations  with  smaller  diameter. 

Furtlier  studies  are  required  for  a  better  end  closure  design.  The  current 
design  caused  most  of  the  axial  force  to  be  taken  by  the  core.  Tliis  was 
substantiated  b}'  the  longitudinal  displacement  transducers  placed  on  the 
ID  and  OD .  A  more  equiinble  di  str.vbuti  on  of  axial  force  would  enhance 
the  buckling  resistance  of  this  very  complex  composite  grain. 
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Figure  19.  Longitudinal  Section  of  Failed  Grain 
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Figure  18.  Trii[isv(»r>re  Section  ot  F 
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SllMMAliy  AND  CONCLUSIONS 


Various  aspects  of  the  dolumination  of  thick-wall  reinforced  propellant 
grains  were  investigated  during  this  program.  An  amhient-cure  prooellant 
matrix  was  employed  in  tlie  fiihrication  of  ei  thiii-wall  aluminum  wire  grain. 
This  demonstrated  tlie  compatibility  of  this  matrix  system  with  the  helical 
winding  process.  Because  this  matrix  cures  at  room  temperature,  thick- 
wall  grains  would  not  be  subjected  to  a  thermal  cycle  induced  hy  curing 
at  a  high  temperature  and  then  bringitig  to  room  temperature.  In  this  way, 
utilization  of  this  matri.x  in  tliick-wall  RFC  may  eliminate  the  delamination 
problem.  This  matrix  also  facilitates  piestressing  of  thick-wall  grains 
in  a  mantier  analogous  to  tlie  .nutofrettage  process. 

Another  approach  to  the  delaminaticn  problem  involve.^  providing  radial 
reinforcement.  One  tecliiiique  employed  with  Kocketdyne’s  usual  helical 
winding  piotess  uses  radially  oriented  staples.  A  grain  was  fabricated 
using  manually  applied  ordinary  steel  office  staples.  Radiographic  exami¬ 
nation  of  the  grain  revealed  that  there  was  large-scale  staple  motion  with 
very  few  being  radially  oriented.  This  was  caused  by  matrix  flow  and  tne 
action  of  the  compaction  roller  used  during  fabrication. 

A  technique  is  preposed  utilizing  short  lengtlis  of  fine  aluminum  wire 
continuously  sprinkled  I'ver  the  grain  surface  during  grain  fabrication. 

Then,  as  the  continuous  aluminum  wires  cut  xnto  the  matrix,  the  short  seg¬ 
ments  are  pulled  into  tlie  matrix.  Portions  of  the  segments  will  then  extend 
threugii  more  than  one  wire  layer  and  provide  a  mechanism  for  radial  rein¬ 
forcement,  The  use  of  sliort  segments  of  aluminum  (or  6-micron-diameter 
graphite)  fiber  in  combination  with  the  amhient-cure  matrix  may  provide 
the  most  promising  solution  to  the  delamination  problem. 

A  thick-wall  grain  was  made  using  a  spiral  wound  screen  wire  technique. 

Thia  grain  was  provided  with  a  meaaure  of  radial  reinforcement  by  punc¬ 
turing  the  screen  in  such  a  manner  tliat  segmeuta  of  the  screen  wire  were 
oriented  in  a  radial  direction.  Thia  approach  was  not  aucceasful,  as  was 
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evidenced  by  an  obvious  delamination  vhich  developed  vhile  bringing  the  '  l 

grain  to  room  temperature.  It  would  appear  that  the  first  attempt  using  [ 

this  technique  simply  did  net  provide  sufficient  radial  reinforcing  to  I 

prevent  delamination.  .  -  -  f 

r 

> 

i 

Experiments  were  performed  to  obtain  some  of  the  orthotropic  characteristics  { 

of  REG  as  a  function  of  winding  angle  and  wire  modulus.  Aluminum  wire  groins  ’ 

wound  at  54.7  and  30  degrees  and  a  steel  wire  grain  wound  at  54.7  degrees  [ 

were  tested  in  torsion  and  in  uniaxial  tension.  Thin-wall  cylindrical  ' 

specimens  were  employed  in  these  tests.  I 

i 

A  specially  designed  thick-wall  RFG  containing  a  perforated  core  was  sub-  ; 

jected  to  external  pressurization.  The  grain  exhibited  a  buckling  failure 

after  collapse  occurred  at  an  external  pressure  of  1920  psi .  A  posttest  | 

i 

analysis  on  sections  of  the  failed  grain  indicated  a  larger  number  of  i 

1 

smaller  diameter  holes  would  provide  a  superior  design.  Further  end  j 

fixture  studies  were  also  indicated.  •  i 

The  external  pressurization  test  indicated  that  wire-reinforced  grains 

can  be  designed  to  carry  very  substantial  external  pressures  as  well  as  :• 

the  more  conventional  pressure  vessel  type  of  loading.  The  concept  of  a 
perforated  core  (using  smaller  perforations  than  in  the  grain  tested  in  ; 

this  program)  which  is  overwound  with  a  shell  of  reinforced  propellant  | 

appears  to  be  an  attractive  idea  for  a  solid  propulsion  system  designed  ' 

for  deep  submerged  launch  applications.  [ 
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"  Research  on  the  structural  behavTor  of  wi re- reinforced  propellants  is  re¬ 

ported.  Values  for  coi'tain  ortliotropic.  material  constants  vliich  should  be  useful  in 
grain  design  have  been  determined  experimentally.  The  effects  of  winding  angle  and 
wire  modulus  on  tlie  material  response  were  investigated.  A  problem  in  delamination 
of  tliick-wall  wire-reinforced  grains  was  encountered  during  another  Navy  program. 
Various  means  were  tlierefore  investigated  in  tlie  course  of  this  program  to  eliminate 
delamination.  Use  of  nn  ambient-cure  matrix  to  eliminate  tliermal  stress  during  the 
cure  cycle  and  two  approaches  to  adding  radial  wire  reinforcing  were  explored  briefly. 
The  most  promising  approach  appeared  to  be  through  use  of  the  new  nmbient-cure  matrix 
wl:icli  would  he  specifically  tailored  to  reinforced  propellants.  Tlie  structural  re¬ 
sponse  of  an  aluminum  wire-reinforced  grain  that  was  designed  to  demonstrate  deep 
submergence  rocket  launcli  applications  was  obtained.  This  grain  which  embodied  a 
new  concept  in  burning  rate  control,  a  perforated  inner  core,  withstood  1920-psi  ex¬ 
ternal  pressure  before  complete  collapse  in  the  buckling  mode,  (c) 
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